and satellite (e.g., Hayashida et al., 2008) . Air pollution is a very serious problem in China as a result of increased usage of fossil fuels. One-fourth of primary anthropogenic organic aerosols in the world is generated in China, ca. 70 % of which is derived from coal burning (Cooke et al., 1999; Streets et al., 2004) . The air pollutants, in particular, dusts and anthropogenic aerosols are responsible to the degradation of visibility, health risks to human beings and climate changes in East Asia and the outflow regions including the North Pacific (Huebert et al., 2003) . Recently, field burning of agricultural wastes is found to be a source of serious air pollution in East China (Fu et al., 2008; Li et al., 2008; Wang et al., 2009) .
High loadings of organic aerosols have been reported in Chinese cities (Wang and Kawamura, 2005; Wang et al., 2006a) , among which low-molecular-weight (LMW) dicarboxylic acids are recognized as the most abundant organic compound class (Ho et al., 2007) . In general, their molecular distributions are characterized by the predominance of oxalic acid (C 2 ), followed by malonic (C 3 ) and succinic (C 4 ) acids. LMW dicarboxylic acids have been reported in urban (Kawamura and Ikushima, 1993; Sempéré and Kawamura, 1994; Rohrl and Lammel, 2001; Wang et al., 2002; Yao et al., 2002; Rompp et al., 2006; Kitanovski et al., 2011) , mountainous (Legrand et al., 2007) , marine (Kawamura and Sakaguchi, 1999; Mochida et al., 2003a, b) and Arctic and Antarctic atmospheres (Kawamura et al., 1996a, b; Kerminen et al., 1999; Narukawa et al., 2002 Narukawa et al., , 2003 . In general, concentrations of LMW diacids were found to be higher in Asian cities and its coastal regions in the Asian Pacific region .
Because small dicarboxylic acids and related polar compounds are highly water soluble and abundant in atmospheric aerosols, they can significantly enhance the hygroscopicity of the particles (Saxena et al., 1995; Saxena and Hildemann, 1996) . Previous studies have shown that the presence of dicarboxylic acids affect both deliquescence relative humidity and hygroscopicity of aerosol particles (Cruz and Pandis, 1998; Brooks et al., 2002) . Although LMW diacids can be emitted from primary sources such as vehicular exhausts (Kawamura and Kaplan, 1987) , biomass burning (Legrand and de Angelis, 1996; Narukawa et al., 1999) , cooking (Schauer et al., 2002) and natural marine sources (Rinaldi et al., 2011) , they are mainly produced from the atmospheric photooxidation of various organic precursors (Kawamura and Gagosian, 1987; Stephanou, 1992; Kawamura and Sakaguchi, 1999) most likely in the aqueous aerosol phase (e.g., Sorooshian et al., 2006; Carlton et al., 2007; Ervens et al., 2008 . LMW dicarboxylic acids and related compounds can contribute to 0.2-1.8 % of total carbon (TC) in urban Tokyo (Kawamura and Ikushima, 1993) and up to 16 % of TC in remote marine aerosols (Kawamura and Sakaguchi, 1999; Wang et al., 2006b) .
In this study, we collected atmospheric aerosols at the summit of Mt. Tai, located in CEC, from late May to June in 2006 in order to characterize water-soluble organic aerosols at molecular levels during the field-burning season of agricultural waste (wheat straw) and after. The sample collection was performed as part of the Mount Tai Experiment 2006 campaign (MTX2006) in early summer. report an overview of the MTX2006 campaign with many outcomes of the project: for example, high concentrations of ozone, volatile organic compounds including glyoxal and methylglyoxal, inorganic ions, black carbon, satellite observation of tropospheric NO 2 , etc. Here, we report the molecular distributions of diacids, ketoacids and α-dicarbonyls in atmospheric particles as well as total carbon (TC) and watersoluble organic carbon (WSOC). To better understand their sources, transport pathways and photochemical processing during long-range atmospheric transport, we compare the results of the mountaintop observation with those from Chinese urban sites and the outflow regions in East Asia and the Pacific Ocean. We also discuss the photochemical processing of organic aerosols in the free troposphere over the polluted regions of the North China Plain based on the detailed analyses of molecular compositions of diacids and related compounds.
Samples and experiment 2.1 Sampling site and aerosol collection
Mount Tai (36.25 • N, 117.10 • E) is located in Shandong Province, central East China (30 • N-40 • N, 110 • E-130 • E), whose topography is characterized by flat lands of less than 200 m in altitude. Thus, Mt. Tai (elevation: 1534 m above sea level) is an independent peak in the CEC region (see Fig. 1 ) and the summit often stays within the free troposphere at night. As part of the MTX2006 campaign, daytime/nighttime and 3 h aerosol samplings were performed from 28 May to 28 June 2006 on the balcony of two-story building of the observatory (∼10 m above ground level) on the top of Mt. Tai. Eighty-one samples (including 5 whole-day, 19 daytime (06:00-18:00 LT), 20 nighttime (18:00-06:00) and 37 3 h samples) were collected during the campaign using a high-volume air sampler and pre-combusted (450 • C for 6 h) quartz fiber filters at a flow rate of 1.0 m 3 min −1 . We collected TSP samples rather than PM 2.5 in order to obtain the information of bioaerosols including pollen and fungal spores whose particle sizes are larger than PM 2.5 (Fu et al., 2008) . Four blanks were taken during the campaign by setting the filter on the filter cartridge without sucking air. The filter sample was placed in a clean glass bottle (150 ml) with a Teflon-lined screw cap and stored in a freezer at the observatory. After shipping to Sapporo, the samples were stored in a freezer room at −20 • C prior to analyses.
The heights of planetary boundary layer (PBL) around Mt. Tai were estimated during the campaign using a WRF/Chem model (Takigawa et al., unpublished data), which reached a maximum of ca. 4000 m at midday and a minimum of 200 m during night to early morning with average heights of 2200 m (daytime) and 600 m (nighttime). Thus, nighttime samples were most likely collected in the free troposphere. The meteorological data are obtained at the Mt. Tai observatory located on the mountaintop. The results are summarized in Fig. 2 . The ambient temperatures ranged from 8 to 24 • C. Relative humidity in daytime was generally low (around 50 %) but increased over 95 % at night. Wind speeds ranged from less than 1 m s −1 to 20 m s −1 . Winds generally came from the west or southwest; however, the northwest to north winds dominated during the periods of 8-11 June and 14-15 June, when cold and dry air masses arrived over Mt. Tai from North China and Siberia (see Fig. 2 ). Weather conditions were generally clear or partly cloudy throughout the campaign, but minor rain events occurred on 7, 13, 14, 21, 26 and 28 June. A major rain event occurred on 29 June. However, the filter sampling was ended just before the large rainstorm.
Analytical procedures
Aliquots of filter samples were extracted with organic-free pure water (Milli-Q) to separate water-soluble diacids and related organic compounds. The water extracts were concentrated using a rotary evaporator under vacuum and then converted to dibutyl esters and butoxy acetals employing the derivatization with 14 % BF 3 in n-butanol (Supelco). The derivatives were dissolved in n-hexane (100 or 200 µl) and two µl of the n-hexane solution were injected into a gas chromatograph (GC, Agilent 6980) installed with a split/splitless injector (250 • C), HP-5 column (0.2 mm × 25 m, film thickness 0.5 µm) and FID detector for the determination of dicarboxylic acids (C 2 -C 10 ), ketocarboxylic acids (C 2 -C 9 ) and α-dicarbonyls (glyoxal and methylglyoxal) (Kawamura, 1993; Kawamura and Ikushima, 1993) . GC/mass spectrometer (Thermo Trace MS) was used to confirm the identification of the GC peaks (Kawamura et al., 1985; Kawamura, 1993) . Quantifications of diacids and related compounds were performed by the comparison of GC-FID responses of the derivatives with those of authentic succinic acid dibutyl ester assuming that the FID responses (GC peak area) are proportional to the amounts of carbon atoms of the esters and derivatives regardless of the chemical structures. The reliability of this technique is verified using dibutyl esters of C 2 -C 10 diacids. A spike experiment using authentic standards (oxalic, malonic, succinic and adipic acids) that were added into quartz filter showed that recoveries were 77 % for oxalic acid and better than 86 % for other diacids. Recoveries of glyoxylic acid, pyruvic acid and methylglyoxal were 88 %, 72 % and 47 %, respectively (Kawamura and Yasui, 2005) . Recovery of glyoxal was 91 % (Kunwar and Kawamura, 2013, submitted to JGR) . Field blank was analyzed by the analytical procedure used for the actual samples. Although the blanks showed small peaks of oxalic acid and phthalic acid on the GC chromatogram, their amounts were less than 5 % of the actual samples. The concentrations of the compounds reported here are all corrected for the field blanks. Duplicate analyses of the sample showed that the analytical errors in the procedures were within 10 % for major components.
Aerosol samples were also analyzed for total carbon (TC) and nitrogen (TN) contents. A small disc (area 3.14 cm 2 ) was punched from aerosol filter samples and analyzed using an elemental analyzer (EA) (Carlo Erba, NA 1500) (Kawamura et al., 2004) . The TC and TN contents are reported here after the blank correction. Analytical uncertainties (as presented by standard deviation relative to mean value) of TC and TN measurements were within 2 % based on triplicate analyses of selected samples. For the measurements of water-soluble organic carbon (WSOC), another filter disc (1.54 cm 2 ) was extracted with organic-free Milli-Q water for 15 min under ultrasonication. The water extracts were subsequently passed through a syringe filter (Millex-GV, 0.22 µm, Millipore), and WSOC was measured with a carbon analyzer (Shimadzu, TOC-5000A) equipped with a catalytic oxidation column/nondispersive infrared detector . The sample was measured three times, and the average value was used. Before the sample analysis, external calibration was performed using a potassium hydrogen phthalate solution. The analytical uncertainties in the WSOC measurement were within 15 % with a detection limit of 0.1 µg C m −3 . Figure 3 shows temporal variations of total carbon (TC) and total nitrogen (TN) contents in the Mt. Tai aerosols as well as C / N ratios. TC concentrations increased from late May to mid-June and then significantly decreased during the period 8-11 June, when wind direction shifted to northerly or northwesterly over Mt. Tai (see Fig. 2 ). The TC concentrations again increased during the period 12-13 June, when wind direction shifted to southerly. It is important to note that field burning of agricultural wastes (wheat straw) occurred in the south of Mt. Tai during the first half of sampling period (see Fig. 4a for the fire spot and air mass trajectories). As seen in Figs. 3a and 4, it is clear that TC concentrations are high when air masses arriving over Mt. Tai traveled over the fire spots (see the fire spots in Fig. 4b ). The field-burning activities in the CEC region maximized during the period 8-11 June (Fig. 4b ), but TC concentrations were very low ( Fig. 3a ) because wind directions shifted to northerly and the air masses did not meet with the areas of intensive fire spots.
Results and discussion

Variations of TC, TN and WSOC in the mountain aerosols
In the second half of the campaign after mid-June, the fire activities declined although the fire regions migrated from the south to north of the sampling site following the northward shift in the harvest areas of the wheat crops ( Fig. 4c,  d ). Following the decrease in the fire activities ( Fig. 4c ), TC concentrations decreased in the second half of the campaign (Fig. 3a) . Interestingly, ranges of TC concentrations (3-85 µg m −3 ) obtained for Mt. Tai aerosols are comparable to those (15-99 µg m −3 ) reported for 14 Chinese cities during winter, but higher than those (6-35 µg m −3 ) during summer (Wang et al., 2006a) . High loadings in early June (60-80 µg m −3 ) are much higher than those reported in Tokyo (10-44 µg m −3 , maximum in winter) (Kawamura and Ikushima, 1993) . It is important to note that TC contents of Mt. Tai aerosols showed a good correlation (r 2 = 0.63) with levoglucosan (a tracer of biomass burning, pyrolysis of cellulose) in the same aerosol samples (Fu et al., 2008) , suggesting that the peaks of TC are mainly caused by a significant contribution from field burning of agricultural wastes (wheat straw). Thus, the field burning of agricultural wastes and the atmospheric transport of burning products significantly control the TC concentrations of atmospheric aerosols over Mt. Tai. Interestingly, TC did not show a correlation with dehydroabietic acid (a tracer for burning of pines) in the Mt. Tai aerosols (Fu et al., 2008) . This supports that forest fires are not the source of the Mt. Tai aerosols, but the field burning in the CEC region is the major source of the high aerosol carbon.
Day/night samples did not show a diurnal trend of TC, although 3 h samples collected during the periods of 2-5, 23 and 25 June gave a peak in early morning, afternoon or evening; that is, peaks were observed at 01:27 LT (local time) on 3 June, 19:34 on 3 June, 13:38 on 4 June, 13:28 on 23 June and 13:30 on 25 June (Fig. 3a) . Such a peak of TC at different time may be associated with the transport of polluted air masses together with the changes in the height of PBL over Mt. Tai, within which accumulation of biomass burning products transported upwind from the ground surface in low lands occurs. It is important to note that the two peaks appeared in the afternoon around 13:30 in late June (23 and 25), when the field burning of agricultural wastes declined. The daytime maxima of TC may be caused by photochemical secondary formation of organic aerosols under the lesser influence of field burning of agriculture wastes on low lands. TN contents showed temporal variations similar to TC, except for relatively small peak for 12-13 June and relatively high peaks in late June (Fig. 3b ). TN concentrations significantly declined during the period 8-11 June when winds from the north dominated over Mt. Tai and the fire spots located south of the sampling site ( Fig. 4b ). Clean air masses were probably transported over the sampling site during the 8-11 June period. However, when the wind direction changed to the north the TN levels again increased. Diurnal variations of TN were obtained during 3 h sampling, which showed a peak in late afternoon or evening (Fig. 3b ). It is consistent with the variation of TC ( Fig. 3a) , although amplitudes of the TN peaks in late June are a little higher than TC (Fig. 3b ). Thus, C / N weight ratios stayed almost unchanged during the period of 31 May to 7 June (Fig. 3c ). However, the ratios significantly increased up to 5.6 during the period 8-11 June, when wind direction shifted to northerly ( Fig. 3c and Fig. 4b ). Further, C / N ratios decreased to the value of less than unity after 19 June, when the activity of field burning declined (Figs. 3c and 4c). The lower C / N ratios may be derived from the relative increases in inorganic nitrogen (NO − 3 and NH + 4 ) and organic nitrogen; the latter may include amino acids and proteins.
During the period of 22-23 June, the winds came from the east or southeast (Fig. 2 ), suggesting that contributions of marine organic matter enriched with organic nitrogen may result in the lower C / N ratios (Miyazaki et al., 2011) . In fact, air mass trajectory analyses showed that on 23 June the trajectory hit the Yellow Sea in the southwest of the Korean Peninsula (a figure of the trajectory is not shown here). Interestingly, higher concentrations of azelaic acid were detected on 21 June (Fig. 6e ). However, air mass trajectory for this date did not hit the oceanic regions, but the trajectories originated from Siberia. The source of azelaic acid may be related to terrestrial plant emissions of unsaturated fatty acids followed by photochemical oxidation during long-range atmospheric transport (Kawamura and Sakaguchi, 1999) . Temporal variations of water-soluble organic carbon (WSOC) are shown in Fig. 5a . The WSOC variation pattern gave two peaks on 7 and 13 June, which are very similar to that of TC ( Fig. 3a ). However, WSOC / TC ratios are not constant ( Fig. 5b) . Rather, the WSOC / TC ratios gradually increased from 0.3 in late May to 0.56 in 7 June, showing a diurnal variation with peaks early in the morning (i.e., 07:37 (center time) on 2 June, 07:38 on 3 June and 04:34 on 4 June (Fig. 5b) ). The enhanced WSOC / TC ratios may suggest aqueous phase production of WSOC in the aerosols early in the morning when relative humidity significantly increased (Fig. 2) , a point to be discussed later.
Because biomass burning can produce water-soluble organic compounds such as anhydrosugars (Simoneit et al., 1999; Simoneit, 2002; Engling et al., 2006) , the higher WSOC / TC ratios may be associated with more contribution of field burning to atmospheric aerosols over the agricultural fields in CEC. In fact, significant influence of biomass burning was supported by high abundances of levoglucosan (tracer of biomass burning) over Mt. Tai (Fu et al., 2008) . It is also consistent with both fire spots and air mass trajectories for 5-7 June (Fig. 4a ). However, the WSOC / TC ratios significantly dropped in the period 8-12 June when wind direction shifted to northerly with minimum value of 0.2. This result indicates that the air masses delivered from the north (North China and Siberia) contain organic aerosols enriched with less water-soluble organic compounds, which may include biogenic lipid class compounds or fossil fuel combustion products. In fact, sterols, fatty alcohols and hopanes were relatively abundant in the Mt. Tai aerosols during the period of 8-10 June (Fu et al., 2008) .
Diurnal variations of WSOC were observed during 3 h sampling periods of 2-5 June with peaks in the late afternoon or evening at 19:37 on 2 June, 16:39 on 3 June and 13:38 on 4 June (Fig. 5a ). This result may suggest that more water-soluble organic compounds are transported over Mt. Tai in the late afternoon or evening by biomass burning plumes. In contrast, during the period of 23-25 June maxima of WSOC were obtained around noontime at 13:28 on 23 June and 13:30 on 25 June when the field-burning activities declined. This may suggest that photochemical oxidation of organic precursors produces more water-soluble organic species, which were probably accumulated over Mt. Tai. The latter point will be discussed in more detail using the molecular composition of dicarboxylic acids and related compounds as tracers of photochemical possessing.
Molecular distributions of dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls
In the Mt. Tai aerosols, we detected homologous series of α, ω-dicarboxylic acids (C 2 -C 12 ), branched-chain diacids (iC 4 -iC 6 ), unsaturated diacids (maleic, fumaric and methylmaleic), aromatic diacids (phthalic, isophthalic and terephthalic) and hydroxy diacid (malic) as well as diacids with keto-group (ketomalonic and 4-ketopimelic). Their total concentrations range from 112 to 6070 ng m −3 . Table 1 summarizes the concentrations of dicarboxylic acids as well as ketoacids and α-dicarbonyls with their average and median concentrations. Figure 6 presents a bar graph for these organic species in selected aerosol samples. Generally, oxalic acid (C 2 ) was found as the most abundant diacid species followed by malonic (C 3 ) and/or succinic (C 4 ) acids, which is consistent with previous studies of continental aerosols (Kawamura and Ikushima, 1993; Kundu et al., 2010b) . However, azelaic acid (C 9 ) was occasionally found to be very abundant in the aerosol samples (see Fig. 6e ). We also detected ketocarboxylic acids including series of ωoxocarboxylic acids (C 2 -C 9 ) and pyruvic acid, among which glyoxylic acid (ωC 2 ) was found as most abundant ketoacid (Table 1 and Fig. 6 ). Such a molecular signature has been reported in previous studies of ambient aerosols (Kawamura et al., 1996a; Kawamura and Yasui, 2005; Kundu et al., 2010a, b) . Two α-dicarbonyls (glyoxal and methylglyoxal) were detected in the aerosol samples with a predominance of methylglyoxal in most samples. Concentrations of ketoacids and αdicarbonyls are roughly one order of magnitude lower than those of diacids (Table 1) . (Table 1) are 2-7 times higher than those (760, 45 and 9 ng m −3 , respectively) reported in Beijing during August/September (Ho et al., 2010) and those (660, 53 and 12 ng m −3 , respectively) from the Gosan site, Jeju Island, outflow region of Chinese aerosols (Kundu et al., 2010b) . In particular, ketoacids and α-dicarbonyls in Mt. Tai aerosols are very high compared with megacity aerosols (Ho et al., 2010) . Further, the concentrations of Mt. Tai aerosols are 3 to 4 times higher than those (438, 43 and 11 ng m −3 , respectively) reported in Pearl River Delta region near Hong Kong, South China, during winter and summer (Ho et al., 2011) . Compared with European mountain sites (Legrand et al., 2007) and the High Arctic Alert station (Kawamura et al., 1996a) , the concentrations of diacids in Mt. Tai aerosols are two orders of magnitude higher. These levels are significantly higher than those of remote marine aerosols from the Pacific (Kawamura and Sakaguchi, 1999; Miyazaki et al., 2010) .
However, concentrations of diacids and related compounds in the Mt. Tai aerosols are equivalent to the levels reported in biomass burning aerosols from a pasture site in Amazonia (Kundu et al., 2010a) and in urban aerosols from New Delhi, India, in winter (Miyazaki et al., 2009 ). These comparisons demonstrate that the Mt. Tai aerosols are significantly enriched with diacids, ketoacids and α-dicarbonyls, showing the highest levels in the mountaintop aerosols. Figure 7a presents temporal variations of total diacids. Their concentrations increase from 2 to 7 June, quickly decrease during the 8-11 June period and then increase in 12-13 June, when the highest concentration of levoglucosan was reported (Fu et al., 2008) . Interestingly, in 7 June, the concentrations of total diacids reached maximum (>6000 ng m −3 ), which is the highest value ever reported in the aerosol samples collected around the world. These variations are similar to those of TC and WSOC ( Figs. 3a and 5a, respectively) , again suggesting that the diacid concentrations are closely associated with the field burning of agricultural wastes and changes in the wind direction. Their concentrations also decreased toward the end of field-burning season in late June. These results suggest that diacids are largely produced as a result of biomass burning of agricultural crop wastes in the CEC region. This is supported by a positive correlation (r = 0.70) between total diacids (this study) and levoglucosan (Fu et al., 2008) . Diacids have been reported abundantly in biomass burning plumes of the fires in Indonesia (Narukawa et al., 1999) and Amazonia (Kundu et al., 2010b) . Although we analyzed the day/night samples to discuss diurnal variations of diacids, no clear diurnal trend was detected for the diacid concentrations. However, the sample sets of 3 h sampling showed diurnal trends of the concentrations (Fig. 7a ), although the peaking times are not consistent; that is, the diacids concentrations peaked at 01:27 on 3 June (center time of sampling), 19:34 on 3 June, 10:38 on 4 June and 04:29 on 5 June, except for the sample sets collected in the late period of the campaign, which showed a concentration peak at 13:28 on 23 June and 13:30 on 25 June (see Fig. 7a ). These diurnal patterns are similar to those of TC and WSOC as described above. Figure 7b and c present contributions (%) of total diacids to total carbon (TC) and water-soluble organic carbon (WSOC), respectively. Total diacid-C / TC ratios ranged from 1.2 % to 6.6 % with an average of 2.4 %. These values are much higher than those (range: 0.28 to 2.1 %; average: 0.87 %) reported in the marine aerosols from the Arctic Ocean in summer and Ikushima, 1993) . However, they are lower than those (1.5-7.0 %, 4.0 %) reported in the Arctic (Alert) aerosols from February to June and are significantly lower than those (1. 1-15.8 %, 8.8 %) reported in the remote marine aerosols collected in the North to central Pacific including tropics (Kawamura and Sakaguchi, 1999) . Because diacid-C / TC ratios increase with photochemical aging of organic aerosols (Kawamura and Sakaguchi, 1999) , the values obtained during the MTX2006 campaign in the North China Plain suggest that the mountaintop organic aerosols are, to some extent, processed by photochemical oxidations during atmospheric transport. However, the degree of the photochemical aging is not as strong as remote marine aerosols. We consider that the Mt. Tai aerosols are photochemically more aged than urban aerosols, but less aged than marine aerosols.
Temporal variations of dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls and their contributions to TC and WSOC
Contributions of total diacids to TC significantly dropped during the 8-11 June period, when the air mass came from the north (Fig. 7b ), suggesting that the aerosols were not photochemically aged. On 22 June, a very high ratio (6.6 %) was obtained partly due to the high abundance of azelaic acid (C 9 ), which is a specific oxidation product of unsaturated fatty acids (Kawamura and Gagosian, 1987; Stephanou, 1992) . In contrast, the contributions of total diacids to WSOC are relatively constant around at 5 %, although a large peak was again observed on 22 June (Fig. 7b ). We did not detect any diurnal trend in the contributions of total diacids to TC and WSOC (Fig. 7b, c ), suggesting no serious photochemical production of diacids over the sampling site. The diacids-C / TC or WSOC ratios may have been determined prior to the atmospheric transport over the sampling site of Mt. Tai. Figure 8a shows temporal variations in the concentrations of ketocarboxylic acids in the Mt. Tai aerosols. Total ketoacids showed the variation pattern similar to diacids (Fig. 7a) , although the peak on 7 June is relatively small compared to diacids. We could not detect a systematic trend for the ketoacids concentrations between day and night samples. In contrast, the time-resolved samples collected each 3 h showed diurnal distributions (see Fig. 8a) ; however, we observed that the peaks appeared differently: total ketoacids peaked at 01:27 (center time) on 3 June, 22:28 on 3 June, 10:38 on 4 June, 04:29 on 5 June, 13:28 on 23 June and 13:30 on 25 June. These peak timings are similar to those of diacids. The variability of the concentration maxima may be caused by the complicated transport processes of polluted air masses over the mountaintop, coupled with the vertical movement of the PBL during the field-burning season. However, the last two peaks appeared in the early afternoon during late June, when the field burning was weakened. Figure 8b and c present contributions of total ketoacids to TC and WSOC, respectively. Contributions of ketoacids to TC ranged from 0.17 to 0.81 (av. 0.43 %), whereas those to WSOC ranged from 0.4 to 4.9 % (av. 1.1 %). These values (ketoacids-C / TC) are similar to those (0.2-0.6 %) reported for the Arctic aerosols from Alert , but much higher than those (0.05-0.26 %, av. 0.10 %) reported for in the Arctic Ocean aerosols . This may suggest that these ketoacids are derived from biomass burning and anthropogenic sources. The ketoacids-C / TC ratios increased from 2 to 5 June, showing some diurnal peaks, and then declined toward 8-11 June, when the wind direction changed from southerly to northerly (Fig. 2) . This trend is somewhat similar to that of diacids; however, the amplitude of the drop in the 8-11 June period is not as strong as diacids (Fig. 7b ). This may suggest that ketoacids (semi-volatile species) may be more partitioned to aerosol phase due to the lower ambient temperature during the period 8-11 June (Fig. 2) , causing the ketoacids-C / TC ratios to be relatively high. This trend seems much clearer for the temporal variation of ketoacids-C / WSOC (Fig. 8c) , which show more constant values around 1 %, except for high values on 21 June.
As shown in Fig. 9a , total α-dicarbonyls showed similar temporal variation with ketoacids, although the peak on 7 June is very large, mainly due to the high abundance of glyoxal (228 ng m −3 ). Diurnal variations of α-dicarbonyls were not clearly observed in the day/night samples, being similar to ketoacids. However, diurnal variations were obtained for 3 h samples with concentration peaks at 01:27 on 3 June, 19:34 on 3 June, 10:38 on 4 June, 01:31 on 5 June, 13:28 on 23 June and 13:30 on 25 June (Fig. 9a) . These diurnal patterns are similar to those of diacids and ketoacids. Again the last two peaks of α-dicarbonyls appeared early in the afternoon when the field burning was weakened.
The relative abundance of α-dicarbonyls in TC and WSOC ranged from 0.03-0.37 % (av. 0.14 %) and 0.06-1.9 % (av. 0.35 %), respectively (Fig. 9b and c) . These values (αdicarbonyl-C / TC) are similar to those (0.05-0.26 %, av. 0.10 %) reported for the Arctic Ocean aerosols , but bit lower than those (0.2-0.6 %) reported in the Arctic Alert aerosols . The α-dicarbonyl-C / WSOC ratios of the Mt. Tai samples are higher than those (0.02-0.35 %) reported in the Arctic Alert aerosols that were collected in late winter to early summer including the season of polar sunrise . This result may suggest that Mt. Tai aerosols are more contributed from anthropogenic sources than the Arctic aerosols and/or be more processed by photochemical reactions. Interestingly, α-dicarbonyls showed a positive relation with levoglucosan (biomass burning tracer) in the Mt. Tai aerosols (r = 0.54) (figure not shown here). Gaseous glyoxal and methylglyoxal, which are much more abundant than the aerosol phase α-dicarbonyls, also showed a positive correlation with levoglucosan (r = 0.82 and 0.78, respectively) during the same campaign .
Compositional changes of dicarboxylic acids
Molecular compositions of dicarboxylic acids have been used as tracers of source strength (biogenic vs. anthropogenic) or photochemical processing of organic aerosols . For example, adipic (C 6 ) / azelaic (C 9 ) acid ratios and phthalic (Ph) / C 9 acid ratios are useful tracers to evaluate anthropogenic vs. biogenic contributions to organic aerosols because C 6 and Ph are produced by the oxidation of anthropogenic cyclic hexene (Hatakeyama et al., 1985) and aromatic hydrocarbons such as naphthalene (Kawamura and Ikushima, 1993) , whereas C 9 is produced by the photooxidation of biogenic unsaturated fatty acids that have a double bond predominantly at C-9 position (Yokouchi and Ambe, 1986; Kawamura and Gagosian, 1987; . As shown in Fig. 10a and b, C 6 / C 9 and Ph / C 9 ratios are higher in early June, when the influence of field burning is significant, suggesting more contribution from anthropogenic sources.
Biomass burning may be technically defined as anthropogenic activity (at least this is the case for 90 % of all fires on a global basis), although the materials are mostly of biogenic origin. Hence, azelaic acid could be produced by the biomass burning because the biomass should contain its precursors (unsaturated fatty acids). Similarly, during the biomass burning, cyclic olefins may also be produced in a similar manner as in fossil fuel combustion processes and further oxidized to C 6 in the atmosphere during the transport from the ground surface to the summit of Mt. Tai. Although these possible pathways may cause a slightly complicated situations of C 6 / C 9 ratios as a tracer, we feel that contributions of C 6 and Ph from biomass burning are minimal, and thus consider that anthropogenic components of fossil combustion origin are likely transported to the mountaintop together with biomass burning plumes during the field-burning season in the North China Plain. C 6 / C 9 ratios are also high in the periods of 15-16 and 19-20 June as well as 23-25 June. In contrast, these ratios are significantly low during periods 8-11 and 21 June, when the air masses came from North China and Siberia (Figs. 2 and 4b ), suggesting that the aerosols are more influenced by biogenic sources.
The Ph / C 9 ratios of the Mt. Tai aerosols are similar to those reported for summer aerosols from Gosan site, Jeju Island (Kundu et al., 2010b) , except for very high values (up to 9) in the period 23-25 June, which are similar to those reported from the Gosan site in winter (Kundu et al., 2010b) . Malonic (C 3 ) / succinic (C 4 ) acid ratios can be used as a tracer to evaluate the photochemical processing of organic aerosols because the C 3 / C 4 ratios significantly increased up to 3 in summer following the increase of ozone in the urban Tokyo atmosphere (Kawamura and Ikushima, 1993) . The ratios are low in the fossil fuel combustion products due to the thermally unstable structure of malonic acid. Figure 10c shows temporal variation of C 3 / C 4 ratios in the Mt. Tai aerosols. During the first week of June, the period with an influence of field burning, the C 3 / C 4 ratios were around 0.8-1.0, and decreased down to 0.2 in 7 June, when total diacids maximized (Fig. 7a ). The C 3 / C 4 ratios increased during the period 8-11 June when the air masses came from the north. The higher ratios may be caused by photochemical production of C 3 from C 4 during a long-range atmospheric transport. The C 3 / C 4 ratios declined around 13 June when diacids increased (Fig. 7a ) due to the influence of field burning of wheat straw wastes. The ratios fluctuated with a peak in 15-16 June (winds came from the north) and a drop in 21-23 June (winds came from the south). The fluctuations of C 3 / C 4 ratios seem to be consistent with the patterns of air mass origin and long-range transport. However, C 3 / C 4 ratios (0.2-1.5) are much lower than those (up to 10) from remote marine aerosols, where photochemical transformation is serious (Kawamura and Sakaguchi, 1999) .
We detected unsaturated dicarboxylic acids (i.e., maleic (M) and fumaric (F) acids). Maleic acid (cis configuration) is produced by the oxidation of aromatic hydrocarbons such as toluene and benzene via combustion and/or photochemical processes and can be photo-isomerized to its trans isomer (F). The M / F ratios (0.22-5.1, av. 2.0) in the Mt. Tai aerosols were found to be >1 except for one sample (7 June) ( Fig. 10d ), which is much higher than those (0.06-1.3, av. 0.26) from the marine aerosols from the North Pacific (Kawamura and Sakaguchi, 1999) . This comparison suggests that photochemical transformation is not as significant in the Mt. Tai aerosols as in marine aerosols. It is of interest to note that M / F ratios of Mt. Tai aerosols are similar to those (0.9-4) from urban Tokyo aerosols (Kawamura and Ikushima, 1993) . Interestingly, M / F ratios increased in the second half of the campaign (Fig. 10d) . The higher ratios suggest that the aerosols of Mt. Tai were not seriously subjected to photochemical processing; rather they are derived from fresh aerosols either from fossil fuel combustion or biomass burning.
Glyoxylic acid (ωC 2 ) is an intermediate compound to produce oxalic acid (C 2 ) (Kawamura et al., 1996a; Warneck, 2003; Lim et al., 2005; Hegde and Kawamura, 2012; Wang et al., 2012) . Thus, ωC 2 / C 2 ratios can serve as a tracer to evaluate the oxidation process of organic aerosols. Figure 10e presents the temporal variation of ωC 2 / C 2 ratios in the Mt. Tai aerosols. Although the ratios varied signif-icantly with the range of 0.04 to 2.2, we found that during 3 h sampling periods the ωC 2 / C 2 ratios maximized in late morning (center time around 10:30) or early afternoon (around 13:30) and minimized in late evening or night. The maxima of the ratios in daytime probably suggest that glyoxylic acid is preferentially formed by photochemical oxidations of various precursors, including anthropogenic volatile organic compounds (VOC) as well as biogenic VOC such as isoprene during daytime, when solar radiation and oxidants (e.g., ozone) are enhanced . These observations are consistent with the diurnal distributions of glyoxylic acid in the time-resolved aerosols from Tokyo, whose concentrations showed a positive correlation with ambient temperature and ozone (Kawamura and Yasui, 2005) . In the late afternoon or night to early morning, when relative humidity increases, ωC 2 can be oxidized to oxalic acid possibly in the aerosol aqueous phase (Warneck, 2003; Miyazaki et al., 2009; He and Kawamura, 2010) .
Photochemical processing of diacids and related compounds as a function of relative abundance of oxalic acid
Relative abundance of oxalic acid (C 2 %) in total normal saturated diacids (C 2 -C 10 ) has been proposed as a tracer to evaluate the photochemical aging of organic aerosols because C 2 is produced by the oxidation of longer-chain diacids and other precursor compounds (Kawamura and Sakaguchi, 1999) . Laboratory experiments also showed that C 2 is produced by the oxidation of longer-chain diacids such as C 3 , C 4 and C 6 (Charbouillot et al., 2012) . Figure 11a -d provide relative abundances of C 2 and its precursors (e.g., pyruvic acid methylglyoxal) in TC or WSOC as a function of C 2 %. Relative contributions of C 2 to TC increased with an increase in C 2 % (Fig. 11a) . A similar result was obtained for the contribution of C 2 to WSOC (Fig. 11b) . These results support that oxalic acid is more produced during the photochemical aging of organic aerosols. Interestingly, we found that C 2 / C 4 ratios increased with an increase in C2 % (correlation coefficient r = 0.83; figure is not shown here). We also confirmed that C 3 -C 10 diacid-C / TC ratios inversely correlate with C 2 % (figure is not shown here), supporting that longer-chain diacids serve as precursors of oxalic acid in the mountaintop aerosols over the North China Plain. Intermediate compounds (e.g., pyruvic acid and methylglyoxal) that can serve as precursor of oxalic acid also show an increase relative to TC as a function of C 2 % ( Fig. 11c and  d) , although the plots for pyruvic acid and methylglyoxal are somehow scattered (Fig. 11c, d) . This may suggest that the oxidation of the intermediates to oxalic acid is slower than their replenishment in the atmosphere. These results again suggest that in addition to the formation of end product (i.e., oxalic acid), intermediate precursors are also produced in the atmosphere during the photochemical aging of organic aerosols. (e) (f) Fig. 11 . Changes of contributions of (a) oxalic acid (C 2 ) to total carbon (TC), (b) C 2 to water-soluble organic carbon (WSOC), (c) pyruvic acid (Pyr) to TC, and (d) methylglyoxal (mGly) to TC, and of (e) glyoxylic acid (ωC 2 ) / oxalic (C 2 ) acid ratios and (f) glyoxal (Gly) / C 2 ratios as a function of relative abundance of C 2 in C 2 -C 10 diacids in the Mt. Tai aerosols.
To understand the relations between the intermediate precursor (e.g., glyoxylic acid) and end product (i.e., oxalic acid), correlation plots were drawn between the precursor/product concentration ratios and C 2 %. We found a negative correlation between ωC 2 / C 2 ratio and C 2 % (Fig. 11e ). Similar negative relation was obtained for ωC 2 / TC ratios and C 2 %, although correlation was weaker (r = 0.11). These results suggest that glyoxylic acid is oxidized to oxalic acid in the course of photochemical aging that is expressed as C 2 %. Similar trend was obtained for glyoxal / oxalic acid ratios (Fig. 11f) . Although the sources of aerosols and source regions of air masses are significantly variable during the campaign as discussed above, these relations demonstrate that the production of oxalic acid (end product) is closely linked with the photochemical behaviors of its precursor compounds (e.g., pyruvic acid, glyoxal, methylglyoxal) and intermediate (glyoxylic acid) that have similar chemical structures as described below.
Precursors (e.g., CH 3 COCOOH, HCO−CHO, CH 3 COCHO) →
intermediate (HCO−COOH) → end product (HOOC−COOH)
To better understand the reaction mechanisms of the precursor compounds, we examined the correlation plots for pyruvic acid / C 2 vs. C 2 % and methylglyoxal / C 2 vs. C 2 %. The former plots did not show any correlation, whereas the latter plots showed a weak positive correlation (r = 0.20). The latter result may suggest that methylglyoxal is more produced during the enhanced photochemical aging of organic aerosols. In contrast, glyoxal / C 2 rather showed a negative correlation with C 2 %, although correlation is very weak (r = 0.10). Further studies are needed to explore the formation mechanisms from precursors and intermediates to oxalic acid in the atmosphere.
Recently, a depletion of oxalic acid has been reported in the Arctic aerosols after polar sunrise and the Arctic Ocean aerosols collected in summer . Although C 2 is generally the most abundant diacid in the atmospheric aerosols, C 2 became less abundant than C 3 and C 4 diacids during the C 2 -depletion events under the solar radiation in the presence of trace metals such as Fe (Pavuluri and Kawamura, 2012) . However, in the Mt. Tai aerosols, we did not observe the depletion of oxalic acid; C 2 is always the most abundant diacid, accounting for 50-85 % of total C 2 -C 10 diacids. So far, depletion of oxalic acid has been observed in the Arctic and Antarctic regions (Kawamura et al., 1996b , but not in the low and midlatitudes. Because Mt. Tai is surrounded by pollution sources in low lands and contributed by fresh aerosols transported by upwind, photochemical processing may not be significant enough to decompose oxalic acid compared to atmospheric aerosols from the polar regions, where halogen chemistry may be important (Barrie et al., 1988) .
Summary and conclusions
Aerosol samples collected at the summit (1534 m a.s.l.) of Mount Tai in central East China (36.25 • N; 117.10 • E) showed high loadings of dicarboxylic acids, ketocarboxylic acids and α-dicarbonyls, whose concentrations are several times higher than those reported in Chinese megacities. Their concentrations are largely influenced by the field burning of agricultural wastes in the North China Plain and the air mass trajectories that transport the biomass burning products over the mountaintop as well as photochemical processes during the atmospheric transport. We found that total dicarboxylic acids accounted for 1.2 to 6.5 % of TC and 5 to 40 % of WSOC.
Although atmospheric photochemical processing over Mt. Tai is not as strong as remote marine aerosols, we detected a close link between the oxidation of glyoxylic acid and α-dicarbonyls and production of oxalic acid. Based on the detailed analyses of molecular compositions of the organic species and the aging factor presented by the relative abundance of C 2 in total diacids (C 2 %), we conclude that chain reactions in the oxidation of glyoxylic acid and methylglyoxal result in oxalic acid occurring in the aerosol aqueous phase in the atmosphere over the mountaintop. Further, this study supports that the breakdown of longer-chain diacids such as succinic acid to oxalic acid occurs in the mountaintop aerosols.
This study demonstrated that the intensive field burning of agriculture residues in early summer often enhanced watersoluble organic acids in the mountain aerosols in the free troposphere over the northern China Plain. The field burning of agricultural wastes in this region not only controls the high loading of organic aerosols in central East China but also affects the air quality and atmospheric chemistry in the outflow regions of Chinese aerosols in the western North Pacific.
